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Difference dilatometry and differential scanning calorimetry (DSC) are used to investigate defect
annealing in ultrafine grained nickel processed by equal channel angular pressing (ECAP) at various
temperatures. Different defect types and processes such as vacancies, dislocations, grain boundaries
and grain-boundary relaxation can be detected. They can be distinguished due to their distinct
kinetics as revealed by the release of excess volume and excess heat during linear heating. The
data are quantified in combination with a detailed characterization of the microstructure. Values
for the absolute vacancy concentration, the dislocation density, the grain boundary expansion and
the excess of grain boundary expansion in ECAP-processed nickel are derived.
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I. INTRODUCTION
Ultrafine-grained (UFG) materials with sub-micron grain
size and attractive physical properties can be produced
by techniques of severe plastic deformation (SPD) such as
Equal Channel Angular Pressing (ECAP) or High Pres-
sure Torsion (HPT) [1]. The specific preparation tech-
nique, e.g., the ECAP preparation routes, as well as post-
deformation annealing treatment significantly affect the
physical properties and processes of these UFGmaterials.
For example it was shown that diffusion and especially
the temperature dependence of grain boundary diffusion
in ECAP-processed Ni are quite intricate [2–4]. Those
kind of influences are most probably due to a complex
defect structure and/or specific defect interaction and de-
fect annealing behavior.
In the case of UFG-Ni produced by HPT, the anneal-
ing of defects was investigated by Setman et al. using
calorimetry, resistivity measurements and X-ray Bragg
profile analysis [5]. That work was performed on high-
purity, 99.99 wt.%, Ni and recrystallization considerably
affected the heat release from dislocation reactions [5, 6].
Furthermore, UFG high-purity Ni produced by HPT was
analyzed by difference-dilatometry [7] to derive values
for the grain boundary expansion [8] or to study de-
fect annealing [9] or the recrystallization kinetics [10].
Recently volumetric changes at isochronal annealing of
HPT-processed Cu were reported [11].
The objective of the present investigation is to com-
bine volumetric (dilatometry) and energetic (calorime-
try) studies with microstructure studies to characterize
the different defect types and to study the temperature
regimes of their annealing in detail. Furthermore, the
measurements were extended to specimens with post-
deformation annealing, i.e., pre-annealing with respect
to the measurement, as well as to specimens that had
been deformed at elevated temperatures (see Tab. I).
This unique combination of different analysis methods
and different specimen conditions allows for a compre-
hensive estimation and determination of values for basic
defect parameters such as: the absolute vacancy con-
centration, the dislocation density, the grain boundary
expansion and the excess of grain boundary expansion,
here especially applied to the case of ECAP deformed
99.6 wt% Ni. The data are critically discussed with re-
spect to data on kinetic properties of interfaces and defect
mobilities along short-circuit paths in the same Ni mate-
rial determined previously [2]. The microstructure char-
acterization is shown to be essential for rigorous analysis
of the volumetric effects.
II. EXPERIMENTAL PROCEDURE
Ultrafine-grained nickel specimens were prepared by
ECAP techniques from nickel of nominally 99.6% purity
in the research laboratory of Y. Estrin (Monash Univer-
sity, Clayton, Australia). The chemical analysis was per-
formed by the supplier and the results are shown in Table
II. The usage of technically pure Ni in the present work
allowed to separate qualitatively the stages of vacancy
annihilation, dislocation evolution and recrystallization
due to additional pinning forces which were exerted by
impurities, see below. Moreover, as it was stated above,
this is exactly the same material which kinetic properties
and microstructure stability were extensively examined
in our previous works [2–4].
The BC4 route was used where four ECAP passes are
employed and the specimens are rotated by 90◦ in the
same direction after each pass. Rods of 10 mm in di-
ameter were deformed at three different temperatures,
293 K, 473 K, and 673 K. As a result, specimens with
2TABLE I: Summary of specimens investigated by dilatometry. Measurements were performed in the temperature range from 293 K to
773 K.
Code
deformation
temperature
(K)
pre-annealing
temperature
(K)
pre-annealing time
(h)
dilatometry
heating rate
(K/min)
P3 293 – – 1.5, 3.0, 6.0
P4 293 373 48 3.0
P5 293 480 17 3.0
P6 473 – – 3.0
P7 673 – – 3.0
UFG microstructures were produced.
TABLE II: Impurity concentration (in wt.ppm) in the Ni material
under investigation.
Al Co Cr Cu Fe Mn Mg P Si Ti Zn
70 100 15 380 350 1100 20 30 170 30 4
Furthermore, prior to the dilatometric measurements,
two UFG specimens were pre-annealed at 373 and 480 K
for 48 and 17 hours, respectively. As will be seen below
these treatments produce specific defect configurations
which allow to quantify different stages of microstructure
evolution. The specifications of all samples used for the
dilatometric measurements are given in Table I.
A. Dilatometry measurements
For the dilatometric measurements prism-shaped sam-
ples (3 × 3 × 8 mm3) were cut with the long axis being
parallel to the measurement direction and oriented per-
pendicular to the ECAP processing direction, i.e., the
extrusion direction, ED, and parallel to the normal di-
rection, ND, direction, see Fig. 1.
The experiments were performed with a high-precision,
vertical double-dilatometer (Linseis, L75VD500 LT) al-
lowing a simultaneous measurement of two specimens.
In the present case, the second specimen which served as
reference was a coarse-grained specimen (with a mean
grain size of about 100µm). The reference specimen
was prepared from the same Ni material but annealed
at 1273 K and slowly cooled over several days. Note
that exactly this state of Ni material was used as ini-
tial for present ECAP processing. Thus, it can safely be
stated that the only difference between the reference and
UFG specimens corresponds to the defects introduced by
ECAP deformation. The final experimental data, as rep-
resented in a dilatometric length change curve, ∆L/L0,
is the difference between the specimen signal and the
reference signal (difference dilatometry). In this way,
the length change effects due to linear thermal expan-
sion caused by the lattice anharmonicity are canceled
out and the defect-related effect is measured exclusively.
It should be noted that it has also been experimentally
verified [12] that within experimental uncertainties the
ultrafine-grained sample with the complex defect struc-
ture has the same reversible linear thermal expansion
coefficient as the coarse-grained, well-annealed reference
sample. Furthermore, via the relation 3·∆L/L0 =∆V/V0
the length change is directly related to the defect volume
if an isotropic distribution and annealing of defects can
be assumed [7].
/
dL
 L
0
ND
TD
SP
ND
TD
ED
ECAP Dilatometry
ϕ
FIG. 1: Sketch and definition of the orientations of the ECAP
process (left panel) and of the dilatometric measurement (right
panel): ED is the extrusion direction, ND the normal direction,
TD the transverse direction, dL/L0 the dilatometric measurement
direction, φ the inclination angle of the elongated grains with re-
spect to the ED-TD plane as determined by microstructure study,
and SP is the position of the ideal shear plane.
By calculating the derivative of the length change
curve with respect to the temperature the temperatures
with maximum defect-release-rates can be determined
from the minima of the d(∆L/L0)/dT curve. This is valid
as by employing constant linear heating rates, dT/dt, the
temperature, T , is direct proportional to the time, t.
The dilatometer operates mechanically with two in-
dependent quartz push-rods and allows absolute length
change measurements ∆L of the order of 30 nm. For
specimens of 8 mm in length, this gives access to ab-
solute changes in free volume fractions down to about
∆V/V0 = 1 · 10−5. Measurement of the sample/reference
pair was performed using a constant, high-purity argon
gas (5N) flow inside the sample chamber. For the study of
the defect annealing kinetics usually measurements with
3a series of different linear heating rates are performed. In
this case the heating rates of 1.5, 3, and 6 K/min were
used for the specimens denoted P3. All other specimens
were measured with a heating rate of 3 K/min. For the
final temperature readings a correction is applied which
takes a varying temperature delay for different heating
rates into account and which is caused by the specific
set-up of the dilatometer. For details of this correction
see Ref. [13].
In all measurement runs the specimens were first
cooled down to 273 K from where the measurements
start. This procedure assures that already slightly above
room temperature, the dilatometer is in a thermally sta-
ble condition with the preset, constant heating rate, al-
lowing reliable analysis of defect annealing at tempera-
tures as low as 323 K.
B. Calorimetric measurements
Calorimetric measurements were performed by differen-
tial scanning calorimetry (DSC, Perkin Elmer, USA) un-
der Ar atmosphere. The samples were disc shaped with a
mass of about 160 mg. The DSC scans were recorded in
the temperature interval from 323 K to 723 K for differ-
ent heating rates ranging from 5 K/min to 80 K/min.
For each sample, three identical DSC runs were per-
formed. The second run was used as a baseline, which
was then subtracted from the first run to obtain only
the irreversible part of the heat flow signal. Within ex-
perimental uncertainties, the second and the third scans
yielded nearly identical signals. Thus, the differential
heat flux data correspond to irreversible processes which
are completed during the first run. A standard temper-
ature correction was applied for each heating rate. Sim-
ilarly to the dilatometric experiments, the samples were
first cooled down to 273 K from where the measurements
started.
Isothermal measurements of the heat release were per-
formed with a Thermal Activity Monitor (TAM) III
multi-channel isothermal micro calorimeter (TA Instru-
ments). In such a case, the sample is first equilibrated
slightly below the measurement temperature for about
15 min and then shifted to the measurement position.
After about 30 to 45 min all transient processes are ac-
complished and the heat release is then recorded.
C. Microstructure characterization
The microstructure was characterized by scanning elec-
tron microscopy (SEM) using a FEI Nova NanoSEM 230
device. Electron back-scatter diffraction (EBSD) was
used to identify the grains and to determine the grain
orientation. The typical lateral scan step was 60 nm
and several areas of at least 45× 45 µm2 were inspected
on each specimen to provide the sample-averaged mi-
crostructure data.
The initial microstructure of the UFG Ni specimens
is shown in Fig. 2 for all three deformation conditions.
Orientation imaging microscopy is performed for sec-
tions perpendicular to the extrusion direction. The mi-
crostructure is typical for SPD deformed Ni, see e.g.
[14, 15]. Elongated grains are formed after ECAP de-
formation at room temperature (Fig. 2a), while more
equiaxial grains are produced by warm deformation. The
significant impact of recovery processes during warm de-
formation at 473 K and 673 K is directly visible in Fig. 2b,
c. The room temperature (293 K) deformation induces
numerous shear (deformation) bands with boundaries
mainly oriented parallel to the transverse direction (see
Fig. 2a). Warm deformation, however, results in a bi-
modal microstructure with a UFG fraction (the grain
size of about 350 to 500 nm) and larger recrystallized
grains of 3 to 5 µm in diameter with a more isotropic
grain shape. Furthermore, a significantly more heteroge-
neous microstructure is formed after warm deformation
(especially at 473 K) that indicates recrystallization and
abnormal grain growth processes already during strain-
ing and / or during the post-deformation cooling phase.
Correspondingly, alongside with a UFG microstructure
component, relatively large grains, several micrometers
in diameter, could be found, Fig. 2b, c.
III. RESULTS
In the present work two different techniques are basi-
cally applied to analyze the defect evolution under lin-
ear heating conditions. A fundamental problem appears
when the results of these techniques are compared, if dif-
ferent heating rates are used that is almost unavoidable in
view of different sensitivities of the corresponding appa-
ratus. In this case, characteristic processes might be not
completed during dilatometry and DSC measurements at
the same temperatures and thus they will contribute dif-
ferently to other processes occurring at higher tempera-
tures. Therefore, in the present paper the defect analysis
is primary based on the dilatometry data.
The above remarks can be applied to comparison of as-
deformed and pre-annealed (at a constant temperature
for a given time) samples, too. Therefore, when such a
comparison will be done in the present manuscript, it will
be concentrated on the processes that occurred below the
pre-annealing temperature.
A. Difference dilatometry
Figure 3 shows the length change curves, ∆L/L0, upon
heating with a linear heating rate of 3 K/min of an
ECAP-Ni sample deformed at 293 K (P3). The data
are compared to the length changes in an HPT-deformed
high-purity Ni (99.99 wt%) sample studied before [7]
(black). The blue curve in Fig. 3 represents the zero-
effect measurements in which two reference samples were
4a) b) c)
FIG. 2: Orientation imaging microscopy of the initial microstructure of Ni deformed by BC4-type ECAP processing at 293 K
(a), 473 K (b), and at 673 K (c). The grain color corresponds to inverse pole figure coloring as indicated in the insert of (a).
By ND and TD the normal and the transverse directions of the ECAP processing are denoted, see Fig. 1.
measured against each other. This curve substantiates
that the signals measured for UFG samples exceed the
zero-signal by, at least, an order of magnitude.
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FIG. 3: Relative length change, ∆L/L0, upon heating with a linear
rate of 3 K/min of an ECAP-deformed Ni sample P3 (99.6 wt%)
(red line) in comparison to HPT-deformed Ni (99.99 wt%) (black
line [7]). Two distinct temperature ranges of free volume annealing
are marked by (I) and (II); for details see text and further analysis.
The blue line represents the ’zero-effect’ signal measured between
two reference samples.
The length changes due to the defect annealing in the
ECAP sample are clearly seen to be significantly shifted
to higher temperatures compared to the 99.99 wt% pu-
rity HPT-deformed Ni sample. For HPT-processed Ni,
at least two distinct annealing stages were observed in-
dependent on the applied total strain, the stages are de-
noted (I) and (II) [7]. The steep change in stage (II)
was explained by grain growth, whereas stage (I) was at-
tributed to relaxation of grain boundaries, annealing of
vacancies and dislocations [9, 10]. It seems that both
stages occur in ECAP-deformed low-purity Ni, too, how-
ever, in a much wider temperature range and shifted to
higher temperatures. The retardation of recrystalliza-
tion and grain growth processes in 99.6 wt.% Ni might
be explained by impurity drag effects, see, e.g., Ref. [16],
which give rise to an extended stage (I) with important
sub-stages as explained below.
The dilatometry measurements on ECAP-Ni were re-
peated with the heating rates of 1.5 and 6 K/min. The
total release of defect volume is largest at the lowest heat-
ing rate and higher heating rates shift the volume release
to higher temperatures as is expected for thermally acti-
vated processes. The temperature derivatives of the mea-
sured relative length changes, d(∆L/L0)/dT , are plotted
in Fig. 4. These derivatives are a direct measure of the
release rate of excess volume and directly comparable to
the data obtained from DSC measurements which repre-
sent the release rate of excess energy. At temperatures
below 535 K, which is indicated by the dashed vertical
line, two annealing processes can be identified. These
processes are, as expected, most pronounced at the heat-
ing rate of 6 K/min. The arrows in the figure indicate
the positions of the minima. For lower heating rates these
minima are less pronounced and shifted to lower temper-
atures.
B. Calorimetric study
1. Isochronal measurements
In order to give further insights into the processes con-
tributing to the volume release, DSC measurements were
carried out. A typical DSC scan is plotted in Fig. 5 as a
function of temperature for the heating rate of 5 K/min.
In the temperature interval from 380 K to 560 K, the
heat flux can reasonably be presented as a sum of three
distinct contributions. The direct comparison with the
dilatometry data, of Fig. 4, most pronounced for the
black curve measured with 6K/min at around 420 K,
indicates that the first DSC-peak of Fig. 5 is due to an-
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FIG. 4: Temperature derivatives of the length change curves,
d(∆L/L0)/dT , measured on sample P3 with different heating rates.
Below about 535 K (the vertical dashed line) two different anneal-
ing processes can be distinguished in all three curves and which
are indicated by arrows. For temperatures above 535 K a process
similar for all three heating rates starts, which reveals a two-stage
character with respect to the rate of the length changes – below
and above about 600 K (the vertical dashed-dotted line) – and it
is attributed to grain growth. Here and below the temperature
derivative curves are shifted one respect to another for a better
visualization and the spacing between the major tics on ordinate
axis corresponds to 10−6 K−1.
nihilation of a distinct type of defect with a release of
both, excess free volume and heat. Moreover, a sec-
ond peak is observed in the dilatometry curve slightly
below 500 K, while two distinct contributions could be
recognized for the DSC signal in the temperature range
450 K < T < 560 K.
Accounting for the present results and the literature
data [5, 6] the first peak is attributed to annihilation
of single vacancies. The third curve, the blue one, in the
DSC signal most likely represents the contribution of dis-
location rearrangements and/or their annihilation [6] for
a comprehensive discussion of stages III and IV of defect
recovery in cold-worked Ni and the effect of impurities
see, e.g., Refs. [17, 18]). The second peak in between is
most likely related to vacancy–impurity complexes giving
release heat does not show significant volumetric changes
[2, 18]. Comparing the calorimetric and the dilatometry
data, it is further obvious that the dislocation reactions,
giving rise to a dominant heat release – the third peak
(blue) in the DSC signal around 530 K – does not equiv-
alently contribute to a similar strong excess volume re-
lease.
The nature of the second, intermediate peak in the
DSC signal, which is absent in the dilamometric curve,
is not completely clear at present. This signal was not
detected in ECAP-deformed pure (99.99 wt.%) Ni [19]
that indicates a contribution of impurity atoms. More-
over, annealing at the corresponding temperature re-
sults in a slight increase of the microhardness of ECAP-
deformed less pure (99.6 wt.%) Ni, which is investigated
in the present paper, that was related to additional dis-
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FIG. 5: Data from DSC measurement corresponding to the heat-
ing rate of 5 K/min (brown curve) and its decomposition into three
peaks. The red (circle), orange (triangle), and blue (square) curves
represent fits of three independent Gaussian curves to the DSC
data. For comparison, the temperature derivative of the dilatome-
try curve determined for the heating rate of 6 K/min is also plotted
(dashed line, right ordinate).
location pinning by impurities or vacancy-impurity com-
plexes [20]. These facts support the proposed explana-
tion of the intermediate peak on the DSC data. Since
it contributes only slightly to the calorimetric signal and
is practically invisible in the volumetric data, the corre-
sponding contribution will be neglected in the following
analysis.
2. Kissinger analysis
The calorimetric experiments were performed with differ-
ent linear heating rates, β, to investigate the temperature
dependence of the heat release and to evaluate the acti-
vation enthalpies for the relevant processes. The results
of the Kissinger analysis [21] of the first DSC peak, i.e.
the plot of ln(β/T 2p ) vs. T
−1
p , are presented in Fig. 6.
Here, Tp is the absolute temperature of the peak at the
given heating rate. In Fig. 6 the results of Kissinger anal-
ysis of the DSC data are plotted together with those ob-
tained from the dilatometry curves. A perfect agreement
of the results of the two different experimental methods
is seen which allows to draw a single ’master’ fit. The
resulting activation enthalpy for this process is about
(78± 9) kJ/mol that agrees generally with the literature
data on the vacancy migration enthalpy in Ni [22, 23].
The effective activation enthalpies determined from the
Kissinger analysis of the second and third DSC peaks are
about (160± 15) kJ/mol.
3. Isothermal measurements
The nature of the first DSC-peak was further studied
using isothermal measurements of the heat release. An
ECAP-Ni sample was held at 390 K for several days and
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FIG. 6: Kissinger analysis of the DSC (filled squares) and dilatom-
etry (open squares) data for the vacancy peak. The dashed line
represents a ’master’ fit of the common temperature dependence.
The activation enthalpy is indicated.
the measured heat release after background subtraction
is plotted in Fig. 7a. The best fit is given by a sum of two
exponential decay functions that correspond to contribu-
tions of two processes with relatively short and long time
constants. Following the isothermal measurements, the
sample was then placed inside the DSC calorimeter and
a temperature scan was performed. The two DSC curves
measured with the same linear heating rate of 20 K/min
on an as-prepared sample and the specimen undergone
the isothermal holding at 390 K are compared in Fig. 7b.
As expected, no heat release is seen for the latter sample
up to the temperatures slightly above 400 K. The differ-
ence of the two signals is plotted in Fig. 7c and it can be
decomposed into two peaks. The results are analyzed in
detail in the section Defect analysis below.
C. Effect of pre-annealing on defect volume release
In order to determine the excess free volume which was
removed during the different stages of the calorimet-
ric study, dilatometry measurements were performed on
UFG samples that had been pre-annealed at two selected
temperatures. First, the volumetric signal by heating
with a constant rate was determined for a sample that
had been pre-annealed at 373 K for 2 days (P4). The
choice of the annealing temperature was predetermined
by the requirement that only one process, i.e. the va-
cancy annihilation, should contribute to the defect vol-
ume release during this annealing treatment and the sec-
ond process should not have been activated. Second, one
UFG Ni sample was pre-annealed at 480 K for 17 hours
(P5), i.e., up to that temperature where a substantial re-
duction of the dislocation density was found in the DSC
study.
The length change curves measured with the heating
rate of 3 K/min on samples P3, P4 and P5 are com-
pared in Fig. 8a and the corresponding derivatives, i.e.,
the transformation rates are given in Fig. 8b. The sam-
ples pre-annealed at 373 K (P4) and pre-annealed at
480 K (P5) exhibit quite a different length change be-
havior. Compared to the as-prepared UFG sample with-
out a pre-annealing treatment (black), the total length
changes for the samples pre-annealed up to 373 K are
smaller with the sample pre-annealed at 480 K showing
the smallest absolute amount of the total released defect
volume. Furthermore, a significant length change due
to defect annealing occurs at higher temperatures and it
starts at about 450 K and 535 K for samples pre-annealed
at 373 K and at 480 K, respectively. At T > 535 K
(the dashed line in Fig. 8) all samples show a qualita-
tively similar behavior with a two-stage character of the
evolution of the temperature derivative d(∆L/L0)/dT ,
Fig. 8b. The rate of the length recovery increases rapidly
at 535 K< T < 600 K, adopting almost a constant value
at T > 600 K.
For a more detailed analysis, the curves in Fig. 8 are
shifted so that they match (coincide) at the tempera-
ture of 535 K. Note that the shift of dilatometry curves
does not affect their derivatives and is a mater of con-
venience if relative length changes, which correspond to
different stages of the excess volume release, are com-
pared for different samples. The choice of 535 K is the
result of the analysis of the derivative curves as shown
in Fig. 4 and is more obvious from Fig. 8b. Below the
temperature of about 535 K, which is marked by the left
vertical dashed line, two different annealing processes can
be distinguished in the as-prepared sample (indicated by
arrows), see also Fig. 4 for results obtained for various
heating rates. For the sample pre-annealed at 373 K, only
one, high-temperature process remains, whereas the sam-
ple pre-annealed at 480 K shows no significant processes
related to the volume release below 535 K. Above 535 K
the behavior of all three samples is qualitatively similar,
though an important difference exists: the length changes
of as-prepared and annealed at 373 K samples perfectly
coincide above 450 K, while the defect’s volume release
occurs at a different rate in the sample pre-annealed at
480 K, Fig. 8a, that is substantiated by a different slope.
The rate of the length change reveals a two-stage
character – one steep stage in the temperature range
535 K< T < 600 K and a shallow one with an almost con-
stant value of the derivative d(∆L/L0)/dT for T > 600 K
(Fig. 8b). Corresponding kinks in the length changes
could be anticipated from Fig. 8a, too. The SEM investi-
gation, see below, revealed that the UFG microstructure
remains practically stable at temperatures T < 535 K,
whereas grain growth exists at higher temperatures which
is affected by the pre-annealing conditions. According to
the microstructure analysis, see below, significant grain
growth starts at about 535 K if a specimen is heated
with 3 K/min, although it proceeds differently in sam-
ples with different thermal histories. The adopted shifts
of the dilatometry curves allowed to quantify the grain
growth stage in more detail.
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FIG. 7: The heat release (background corrected) during isothermal holding at 390 K (a). In (b) the DSC curves obtained at a heating rate
of 20 K/min for as-prepared sample (black line) and that after the isothermal holding (red line, circle) are compared and their difference
is plotted in (c). The resulting difference signal in (c) could be decomposed into two peaks.
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FIG. 8: The length changes (a) and their temperature derivatives (b) of an as-prepared (black, circle) and of pre-annealed at 373 K (P4,
red, triangle) and 480 K (P5, blue, square) ECAP-Ni samples. In (a) the length change curves for the samples P4 and P5 are vertically
shifted to match all three signals at 535 K (see text).
D. Microstructure examination
The typical microstructures as observed by EBSD anal-
ysis in as-prepared UFG Ni deformed by ECAP at room
temperature without pre-annealing (P3) and that of sam-
ples pre-annealed at 480 K for 17 hours (P5) are shown
in Fig. 9a and d, respectively. Only high-angle grain
boundaries with misorientation angles ≥ 15◦ are pre-
sented. The microstructure of the specimen pre-annealed
at 373 K (P4) is unchanged with respect to that of the
sample in the as-prepared state without pre-annealing
(P3).
Samples of P3 and P5 were annealed inside the DSC
with a heating rate of 3 K/min up to 600 K and rapidly
cooled down with a rate of 300 K/min in order to sta-
bilize the microstructures corresponding to the vertical
dotted-dashed line in Figs. 4 and 8b. The microstruc-
tures are presented in Figs. 9b and e. Thereafter, the
same samples were further annealed inside the DSC first
rapidly to T = 600 K and then to the final temperature
of 770 K with the linear rate of 3 K/min, quenched down
to room temperature, and then the resulting microstruc-
tures, Figs. 9c and f, were analyzed.
The as-prepared UFG-Ni specimen (P3) is character-
ized by a plate-like (lamellar) structure aligned along
the transverse direction (TD) of ECAP processing in
the plane ND–TD, Fig. 9a. The average distance be-
tween grain boundaries along the normal direction (ND)
is about (360 ± 50) nm, whereas the grain size in the
transverse direction is significantly larger, about several
micrometers.
In the perpendicular plane, ND–ED, the high-angle
grain boundaries are found to be on average inclined at
the angle φ ≈ (12 ± 5)◦ to the ECAP direction that is
schematically shown in Fig. 1.
8IV. DISCUSSION
A. Defect analysis
The total amount of excess volume that is released and
that was determined by dilatometry and calorimetry for
ECAP-deformed Ni samples with different pre-annealing
treatment below 600 K can quantitatively be described
by the following equation:
∆V
V
= CV · ΩV + γρ · ρ+ egb · Sgb +∆ene · Sgb. (1)
Here, CV is the vacancy concentration; ΩV is the va-
cancy formation volume which is a fraction of the atomic
volume Ω; γρ is the dislocation excess volume per unit
length (for an isolated dislocation line, γρ = 0.5b
2 with
b being the magnitude of the Burgers vector); and ρ is
the dislocation density. Furthermore, Sgb is the volume
fraction of the total area of grain boundaries in the ma-
terial that can be estimated from the analysis of the mi-
crostructure (see Fig. 9). It has also to be considered
that grain boundaries in a UFG material obtained from
SPD techniques can be in a ’non-equilibrium’ state [24]
and that is characterized by an an increased excess en-
ergy, an enhanced diffusivity and an additional free vol-
ume, (δV/V )ne = ∆ene · Sgb (see e.g. [2]). Here, ∆ene
is the probable excess of grain boundary expansion in-
duced by SPD treatment, such that the net expansion
of the ’non-equilibrium’ grain boundaries, enegb, is de-
fined as enegb = egb + ∆ene. Now, in the following it
will be shown how the values for CV , ρ, egb and ∆ene can
be derived or at least reasonably be estimated from the
experimental data of the present study.
1. Vacancy concentration
The combined analysis of volumetric and calorimetric
data (Section III B) suggests that the processes of de-
fect volume release around 400 K and 500 K can be
associated with annealing of vacancies and dislocations,
respectively. The concentration of deformation-induced
vacancies, CV , can be derived from the difference of
the ∆L/L0 values between the sample without pre-
annealing (P3) and the sample pre-annealed at 373 K
(P4),
(
∆L
L0
)
P3−P4
= (0.6±0.1) ·10−4, at 293 K based on
the fact that they coincide at T > 480 K (see Fig. 8a).
Radiotracer diffusion measurements [2] substantiate that
the ’non-equilibrium’ state of grain boundaries in UFG
Ni is not affected by the thermal annealing below 400 K.
Thus, this length change can be solely attributed to the
annihilation of deformation-induced vacancies during the
pre-annealing of sample P4. However, a simple estimate
of the volumetric changes from the variation of the sam-
ple length, as it is commonly accepted [7, 25, 26], i.e.
∆V/V = 3∆L/L,1 would not provide data consistent
with the independently measured calorimetric effect in
terms of the concentration of annihilated vacancies, since
this concentration would be significantly overestimated.
Therefore, we assume that the vacancies – isotropic de-
fects by their own – may produce an anisotropic contri-
bution to the sample shrinkage during their annihilation.
This is due to a strong anisotropy of the microstructure,
as it was found by the microstructure examination above.
If a vacancy annihilates at the surface of the sample,
an isotropic change of sample’s volume is expected. How-
ever, in a real polycrystalline specimen vacancies have
practically no chance to reach the surface and they an-
nihilate at internal defects, like dislocations and grain
boundaries, and each such single defect may provide an
anisotropic contribution to the volume change. This be-
comes clear if one imagines a vacancy ’cloud’ around a
straight dislocation line, then the sample will almost in-
stantaneously shrink perpendicularly to the dislocation
line with, in a first approximation, no effect parallel to the
dislocation line. Similarly, ’segregated’ vacancy layer at
a flat grain boundary will result in reduction of the sam-
ple size perpendicularly to the grain boundary. It is the
random distribution of dislocations and grain boundaries
in a typical sample which then ’smear-off’ the anisotropic
effects from single dislocations and grain boundaries re-
sulting in an isotropic change of sample’s volume.
In view of the strongly anisotropic grain shape in
ECAP-processed samples, Fig. 9, an anisotropic response
on vacancy annihilation may thus be expected. Note that
a similar idea was used to explain the diffusion anisotropy
of cubic polycrystals which occurred to be induced by an
anisotropic distribution of short-circuit paths [27].
We assume that a vacancy during its random walk an-
nihilates at a nearest grain boundary. Since the density
of grain boundaries along ND is highest, we suggest that
these interfaces are dominant sinks for vacancies and an
anisotropic length change of the specimen after vacancy
annihilation is expected, as it was explained above. (Ac-
counting for low-angle grain boundaries, the average dis-
tance between the interfaces in the normal direction will
decrease, but it would be still larger than that along the
transverse direction.) Since the high-angle grain bound-
aries are on average inclined at the angle φ to the ECAP
direction in the ND–ED plane, Fig. 1, and are parallel to
TD in the ND–TD plane, and accounting for the geome-
try of dilatometric measurements, the following relation
is proposed,
1 here it is important that ∆L is a differential signal measured with
respect to the reference sample that cancels the contribution of
thermal expansion [7]
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FIG. 9: High-angle grain boundaries, i.e., boundaries between grains with a misorientation angle ≥ 15◦, determined by orientation imaging
microscopy for sample without pre-annealing, P3, (upper row: a, b, c) and the sample pre-annealed at 480 K, P5 (lower row: d, e, f) in
the initial state (a, d) and after annealing inside the DSC with a constant heating rate of 3 K/min to 600 K (b, e) and to 770 K (c, f),
respectively.
(
∆V
V
)
P3−P4
= CV ·ΩV = (cosφ+sinφ)
(
∆L
L
)
P3−P4
.
(2)
Here, the indices are related to the sample notation in
Table I and ΩV is the volume of a relaxed single va-
cancy. It is accepted that vacancies annihilate at the
nearest interfaces which are planes inclined at the angle
φ to the ND–ED plane. In this case, vacancy annihila-
tion contributes to the length changes along ED and ND
(the factors cosφ and sinφ in Eq. (2), respectively). A
contribution along the TD direction is considered here
as negligible since the majority of grain boundaries are
aligned along this direction, Fig. 2a. Taking a value of
0.82Ω for the vacancy formation volume in Ni, a vacancy
concentration CV = (0.9 ± 0.3) × 10−4 is obtained from
the dilatometric data.
From the calorimetric data as shown in Fig 7 a sin-
gle, main process running around 400 K in ECAP-Ni
is obvious and is attributed to the heat release due to
annealing of vacancies. The measured total heat re-
lease corresponding to the first peak is determined to
(0.36 ± 0.05) J/g and taking a value of 1.6 eV for the
vacancy formation enthalpy from the literature [28], a
vacancy concentration of (1.4 ± 0.2) × 10−4 is deduced.
Both values for the vacancy concentration, CV , as deter-
mined independently from dilatometry and calorimetry
are in good agreement.
2. Dislocation density
From the DSC data at a temperature slightly higher
than the vacancy annealing temperature a heat release
attributable to the annealing of dislocations is observed
(see blue curve in Fig. 5). This process is characterized
by an amout of about 0.82 J/g released heat. From this
value the forest dislocation density ρ can be derived if
the following relation is assumed [5, 6]
Edisl =
Gb2ρ
4pi(1− ν/2) ln
(
1
b
√
ρ
)
. (3)
Here G is the shear modulus, b the Burgers vector, ν
the Poisson ratio, and Edisl is the volume density of the
stored energy. Using this relation a value for the dis-
location density ρ = 4 × 1015 m−2 is derived from the
calorimetric data. It should be noted that here an equal
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fraction of edge and screw dislocations was assumed [5].
The estimated dislocation density is typical for SPD-
processed metals for which the values from 1 to 8 ×
1015 m−2 were often reported, see e.g. Refs. [29–31].
3. Grain boundary expansion and excess of the grain
boundary expansion
From Fig. 8 a length change difference of
(∆L/L)P4−P5 = (0.6 ± 0.1) · 10−4 is obtained for
T < 300 K for the two samples, pre-annealed at 373 K
(P4) and 480 K (P5). This difference is related to
substantial recovery of the dislocation density and
to relaxation of the deformation-induced state of the
grain boundaries in sample P5. The relaxation of
grain boundaries is supported by results from diffusion
studies [2], where a drastic change of the grain boundary
diffusion parameters was observed at a temperature of
about 400 K. Additionally, SEM and EBSD analyses
suggest that a fraction of the microstructure, about
15%, is recrystallized whereas no grain growth is seen in
the other part (see Figs. 9a and d).
From the dislocation density of about 4 × 1015 m−2
as determined from DSC analysis, a corresponding value
for the release of free volume of 0.9 × 10−4 is es-
timated that translates into a relative length change
of 0.4 × 10−4. Using Eq. (1), the remaining value,
(∆L/L)P4−P5−γρ ·ρ ≈ 0.2×10−4, is attributed to relax-
ation of the deformation-induced ’non-equilibrium’ state
of high-angle grain boundaries and to an elimination of
their certain fraction, frecr = 0.15, as a result of recrys-
tallization during pre-annealing. Thus, we obtain the
relation
0.2× 10−4 = frecr · cosφ ·
egb
d
+ cosφ · ∆ene
d
. (4)
Here, d is the grain size and it is taken into account that
the high-angle grain boundaries are inclined at the angle
90◦ − φ to the measurement direction. Since the final
grain size exceeds several micrometers, its exact value,
i.e. the term like 1/dend, can be neglected due the reso-
lution limits of the dilatometer.
The value of grain boundary expansion egb can be esti-
mated from the volumetric signals measured for samples
P3 without and P5 with pre-annealing at 480 K in the
range of 535 and 600 K, (∆L/L)
P3
535−600 = (0.6± 0.05)×
10−4 and (∆L/L)
P5
535−600 = (0.25±0.05)×10−4, since the
detailed microstructure data are available, Fig. 9. Dur-
ing linear heating from 535 K to 600 K the grain size in,
e.g., sample P5 slightly increases from d535 = 360 nm to
d600 = 470 nm. The corresponding contribution to the
linear change of the specimen size is
(∆L/L)
P5
535−600 = (1− frecr) · cosφ · egb
(
1
d535
− 1
d600
)
.
(5)
From Eq. (5) a value for the grain boundary expan-
sion of egb = 0.042 nm is determined. Similar estimates
for sample P3 result in the value of 0.037 nm. Thus, the
present experiments substantiate that the grain bound-
ary expansion in Ni is, egb = (0.039±0.015) nm, as deter-
mined independently from previous dilatometric studies
on HPT-Ni [8]. The value for egb is attributed to the
grain boundary expansion of relaxed grain boundaries
as they are present in SPD-processed Ni after anneal-
ing treatments above 400 K [2] or as can be found in
annealed polycrystalline counterpart.
There is an additional term in Eq. (4) which accounts
for the contribution of the ’non-equilibrium’ state of high-
angle grain boundaries to their excess free volume. Using
Eq. (4) we obtain, ∆ene = (0.002± 0.001) nm that cor-
responds to about 7% of the relaxed value egb. Due to a
large uncertainty of this estimation, we conclude that the
’non-equilibrium’ state of high-angle grain boundaries is
probably characterized by an excess free volume which is
hardly measurable and might amount to 5 to 10% of its
equilibrium value. There is an additional issue which has
to be taken into account. A careful analysis of the grain
boundary diffusion data measured on SPD-processed ma-
terials, especially in pure Cu and Ni and Cu alloys [32–
34], resulted in a conclusion that only a fraction of the
high-angle grain boundaries, about 10 to 15% is in a ’non-
equilibrium’ state after ECAP deformation [35]. Then,
the above determined value of ∆ene represents, in fact, a
lower bond of the extra free volume associated with the
’non-equilibrium’ state averaged over all high-angle grain
boundaries.
Based on the diffusion data and applying Nazarov’s
model [36, 37] of the ’non-equilibrium’ state of grain
boundaries, the excess volume release due to relaxation
of the ’non-equilibrium’ state of grain boundaries was es-
timated in [2] at 0.4× 10−4 that is within a factor of two
with the present estimates.
Grain boundary relaxation contributes to the volume
release and some contribution to the heat release is to
be expected, too. Note that such a contribution could
be large, especially in the case of nanocrystals with the
grain size of 10 nm, see e.g. [38]. In our previous pa-
per, Ref. [2], we estimated the excess energy related to
’diffusion-modified’ state of grain boundaries at about 20
to 30% of the equilibrium grain boundary energy. Such
an effect is perhaps hard to see in the present case of
sub-micron-large grains.
4. Free volume release at T > 600 K
The present results, furthermore, substantiate a signif-
icant free volume release of ∆L/L0 = 2.4×10−4 between
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FIG. 10: Dilatometric length change curves upon heating with a linear rate of 3 K/min for Ni samples which have undergone ECAP
deformation at different temperatures (a) and the corresponding temperature derivatives (b). For comparison the dilatometric curve for
the sample that was deformed at room temperature and pre-annealed at 480 K, P5 (green, star) is shown.
600 and 770 K especially for the samples deformed at am-
bient temperature. The same amount of the free volume
is released in the sample P4 (i.e. deformed at ambient
temperature and pre-annealed at 373) in this tempera-
ture interval. A smaller, but still significant amount is
released in the sample P5 that was pre-annealed at 480 K,
here the value is about 1.7× 10−4.
These values cannot be attributed to grain growth.
In fact, the average grain size is the same (within the
uncertainty limits) in sample P3 at 600 and 770 K –
dP3600 = (1170 ± 300) nm and dP3770 = (1200 ± 200) nm,
and a distinct grain growth is observed in sample P5,
dP5600 = (460 ± 50) nm and dP5770 = (800 ± 100) nm.
Using the value of the grain boundary expansion of
egb = 0.039 nm as determined previously, length changes
of less than 1× 10−5 and about 0.3× 10−4 would be ex-
pected for samples P3 and P5, for the temperature raise
from 600 to 770 K. This value is clearly too low to explain
the measurements at T > 600 K just by grain growth.
One possible explanation for the observed contribution
to the length change, which was not discussed above,
is related to a contribution due to the shrinkage of mi-
crovoids at high temperatures. The appearance of the
vacancy clustering due to an interaction with impurities
was documented for cold-worked Ni for stage III of defect
recovery (around 500 K) [39] and such a signal is proba-
bly registered in the present DSC measurements, Fig. 5.
Dlubek with co-workers found that these microvoids grow
first during annealing, but finally annealed out around
700 K during recrystallization of cold-worked and rela-
tively coarse-grained Ni [39].
The existence of individual microvoids in generally
dense SPD-processed materials already in as-deformed
state was documented, e.g., for ECAP-Ti [40]. In SPD-
processed materials a further defect, open or percolating
porosity may exist, that was discovered by special radio-
tracer experiments for UFG Cu and Cu alloys deformed
by ECAP at ambient temperature [32, 33, 41]. Simi-
lar measurements found no percolating porosity in the
present UFG Ni deformed by ECAP at ambient temper-
ature [2]. However, the open porosity appears as a re-
sult of annealing treatment of ECAP-Ni [2, 3] or ECAP
deformation at elevated temperatures [19]. One may ex-
pect that it is the shrinking of the pores at elevated tem-
peratures which causes additional (irreversible) free vol-
ume release of the ECAP-deformed Ni at temperatures
T > 600 K. A model of percolating porosity evolution
as a result of grain growth in UFG samples was recently
proposed [42]. It was shown that under certain condi-
tions the percolating porosity with the volume fraction
of several ppms may persist the microstructure recrystal-
lization if initial grain size amounts to several hundreds
nanometers or less, whereas the dominant fraction of mi-
crovoids sinters during annealing [42].
Note that there is a significant difference between fi-
nal microstructures in samples P3 and P5, cf. Figs. 9c)
and f), that correlates with a difference of the excess vol-
ume release, see Fig. 8a). This fact may be related to a
substantial reduction of the defect concentration during
the long pre-annealing of sample P5 which hindered grain
growth kinetics and perhaps lowered the driving force for
recrystallization.
B. Effect of deformation temperature
In the following paragraph a qualitative analysis will be
given obtained from the dilatometry measurements of
speciments which were deformed at elevated tempera-
tures.
Figure 10a shows the dilatometric length change curves
∆L/L0 upon heating with a linear rate of 3 K/min for
Ni samples that were deformed by ECAP at tempera-
tures of 473 K and 673 K. In comparison with the sam-
ple deformed at room temperature (293 K, P3), the to-
tal release of defect related volume for the hot-deformed
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samples is significantly smaller and the release sets in at
higher temperatures. The total volume release is com-
parable to that measured on the sample that had been
deformed at room temperature and was pre-annealed at
480 K, Fig. 10a. Note that we have chosen the tempera-
ture of 535 K as an onset of recrystallization and shifted
all curves to level up at this temperature.
The maximum rate of free volume release in ECAP-Ni
deformed at 473 (red) and 673 K (blue) are observed at
about 460 and 630 K, respectively (indicated by arrows
in Fig. 10b). On the other hand, for the sample deformed
at room temperature and annealed at 480 K (green) the
amount of free volume release is most pronounced above
535 K, whereas the total volume released between 300
and 770 K is almost of the same amount as for the three
samples, Fig. 10a. It suggests that the warm deformation
at 473 K introduces dislocations which are removed by
annealing at almost the same temperature. Deformation
at an even higher temperature, 673 K, results in disloca-
tion configurations for which a higher thermal activation
for removal is required and with a small effect of grain
growth. On the other hand, grain growth during linear
heating is less pronounced in the samples deformed at
473 K (P6) and at 673 K (P7) (the average grain size
amounts to about 2 to 5 µm even in the initial, post-
deformation state), while grain growth is significant in
the sample deformed at room temperature and annealed
at 480 K (P5) before the dilatometry measurements.
The defect volume release in the sample deformed at
473 K (P6) starts at a temperature about 30 K higher
with respect to the sample that was deformed at 293 K
(P3) and then the two dilatometry curves run almost par-
allel up to the temperature of 500 K, Fig. 10a. This fact
indicates a similar amount of dislocation-type defects re-
leased in both samples in this temperature interval and
a smaller concentration of stored vacancies in the sample
deformed at 473 K (P6). The difference in the length
changes at 380 K between samples P3 and P6 (i.e. the
black and red curves in Fig. 10a, respectively) is about
0.2×10−4 and it translates into the difference between the
corresponding concentration of deformation-introduced
vacancies of about 2.4 × 10−5. A vacancy-related peak
could hardly be revealed for the length changes of the
sample P7 (i.e. the blue line in Fig. 10a) and is below
the resolution limit of the present experiments.
V. SUMMARY AND CONCLUSIONS
In the present investigation it is demonstrated for ECAP-
processed Ni that volumetric and stored energy stud-
ies as realized by difference dilatometry and differen-
tial scanning calorimetry in combination with detailed
microstructural characterization are complementary ap-
proaches ideally suited for the in-depth analysis of atomic
defects. Besides the results given in the preceding section
the following main aspects are to be highlighted.
• The concentration of deformation-induced vacan-
cies in ECAP-Ni is about 10−4 when deformation is
performed at room temperature via the route BC4
and it is decreased with increasing temperature of
deformation.
• The grain boundary expansion in Ni equals to
(0.039± 0.015) nm.
• SPD deformation increases the excess volume re-
lated to grain boundaries. The absolute value of
such an excess of the grain boundary expansion is
small and does not exceed 5 to 10%.
The study has been performed on technically pure
Ni that allowed qualitative separation of various stages
of defect evolution which can be prescribed by specific
deformation-induced defects. In the previous research on
grain boundary diffusion in the same material [2], Si has
been identified as a critic impurity which affects interface
thermodynamics, although the role of other impurities,
Table II, may be important, too. A similar study on
specific alloying systems would be helpful and this is a
subject of on-going research.
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